The genes encoding the nitrate transporter (YNT1), nitrite reductase (YNI1) and nitrate reductase (YNR1) are clustered in the yeast Hansenula polymorpha. In addition, DNA sequencing of the region containing these genes demonstrated that a new open reading frame called YNA1 (yeast nitrate assimilation) was located between YNR1 and YNI1. The YNA1 gene encodes a protein of 529 residues belonging to the family of Zn(II) # Cys ' fungal transcriptional factors, and has the highest similarity to the transcriptional factors encoded by nirA, and to a smaller extent to nit-4, involved in the nitrate induction of the gene
INTRODUCTION
Nitrate assimilation in those yeasts able to use nitrate follows the same pathway as that described for plants and filamentous fungi. Once nitrate enters the cells, it is reduced to ammonium by the consecutive actions of nitrate reductase and nitrite reductase [1] . In the yeast Hansenula polymorpha the genes encoding a nitrate transporter (YNT1), nitrite reductase (YNI1) and nitrate reductase (YNR1) are clustered [2] [3] [4] as in filamentous fungi [5] [6] [7] and Chlamydomonas reinhardtii [8] . In contrast, no linkage between the nitrate assimilation genes has been found in plants [9] . In general, as in H. polymorpha, the genes involved in nitrate assimilation are induced by nitrate and nitrite and repressed by sources of reduced nitrogen [9, 10] . The mechanisms underlying nitrate induction and nitrogen catabolite repression, as well as the signalling of these events, are not well known. The current knowledge on these topics has been derived mainly from filamentous fungi, in which two transcriptional factors have been closely studied : nit-4 and nit-2 in Neurospora crassa and their counterparts nirA and areA in Aspergillus nidulans. nit-4 and nirA encode proteins belonging to Zn(II) # Cys ' fungal transcriptional factors, involved specifically in the induction by nitrate of the nitrate assimilatory genes [11, 12] . As general features, the fungal transcriptional factors of the Zn(II) # Cys ' type recognize in the promoter of the target genes the sequences CGGX n CCG [13] . However, NIRA-and NIT4-binding sites are far from the consensus sequence CGGX n CCG ; NIRA binds four sites with consensus sequence CTCCCGHGG in the intergenic region of the divergently transcribed genes niaD and niiA encoding nitrate and nitrite reductases. The NIT4-binding Abbreviations used : ORF, open reading frame ; YNT1, YNI1 and YNR1, genes encoding nitrate transporter, nitrite reductase and nitrate reductase respectively. 1 To whom correspondence should be addressed (e-mail jsiverio!ull.es). The YNA1 nucleotide sequence data reported will appear in DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession number AJ223294.
involved in the assimilation of this compound in filamentous fungi. Northern blot analysis showed the presence of the YNA1 transcript in cells incubated in nitrate, nitrate plus ammonium, ammonium, and nitrogen-free media, with a decrease in its levels in those cells incubated in ammonium. In nitrate the strain ∆yna1 : :URA3, with a disrupted YNA1 gene, neither grew nor expressed the genes YNT1, YNI1 and YNR1. In the gene cluster YNT1-YNI1-YNA1-YNR1, the four genes were transcribed independently in the YNT1 YNR1 direction and the transcription start sites were determined by primer extension.
site contains the symmetrical octameric sequence TCCGCGGA [14, 15] . With regard to the structure of the Zn(II) # Cys ' proteins, X-ray studies of protein-DNA crystals of members of this family such as Gal4p, Ppr1p and Put3p revealed that these proteins bind to the DNA as homodimers [16] [17] [18] . The monomers interact through a coiled-coil element and bind DNA at the CGGX n CCG sites by means of the Zn(II) # Cys ' domain. The homodimerization of NIRA has also been shown rigorously [19] . In addition nit-4 and nirA in N. crassa, and nit-2 and areA in A. nidulans, encode proteins containing a single zinc-finger DNA-binding motif characteristic of the GATA family of the trans-acting regulatory proteins [20, 21] and are involved in the nitrogen catabolite derepression of the genes involved in the catabolism of nitrate, nitrite and purines. In N. crassa another gene, nmr, seems to be involved in repression by nitrogen catabolites [22] .
The genes involved in the transcriptional regulation of nitrate assimilation in yeast, as in algae and plants, are unknown. The isolation and characterization of these genes in yeast and the creation of strains with disrupted genes will allow the cloning by functional complementation of genes with similar functions from heterologous sources. In this article we report the isolation and characterization of YNA1 from H. polymorpha, which is involved in the transcriptional activation of the genes encoding the enzymes of the nitrate assimilation pathway.
MATERIALS AND METHODS

Yeast strains and growth conditions
H. polymorpha strain NCYC 495 was used to construct the genomic DNA library in lambda EMBL3. The NCYC495 derivative strain leu1-1,ura3 was used as the recipient strain to perform gene disruption ; it is referred to in this paper as the wild type. Cells were grown at 37 mC with shaking in liquid medium containing 0.17 % yeast nitrogen base without amino acids and ammonium sulphate (Difco), 2 % (w\v) glucose and either 5 mM NaNO $ or 5 mM NH % Cl as nitrogen source, unless stated otherwise. The leu1-1,ura3 strain was grown in the same medium, supplemented with 0.23 mM leucine and 0.19 mM uracil.
Disruption of the YNA1 gene
The strategy followed to disrupt the YNA1 gene is shown in Figure 1 . The plasmid pNiA2 harbouring a SalI-BamHI fragment of approx. 2.9 kb containing part of the YNA1 coding region was used. An internal 806 bp EcoRV-NdeI fragment from YNA1 was replaced by a 1796 bp BamHI-BglII fragment containing the H. polymorpha URA3 gene [23] . The resulting plasmid, pYNA1-UR2, when digested with SalI-BamHI produced a fragment of approx. 3.9 kb containing the URA3 marker flanked by YNA1 and YNI1 regions. This fragment was separated by electrophoresis, isolated from the agar and used to electrotransform the H. polymorpha leu1-1,ura3 strain [24] . Cells were subsequently plated on synthetic medium without uracil and with ammonium as nitrogen source. Prototroph cells for uracil were further screened by Southern blotting ( Figure 1B ). Of 16 prototrophs (URA + ) analysed, three contained disrupted YNA1. To restrict the possible growth sustained by leucine, the ∆yna1 : :URA3,leu strain was transformed to LEU + by the integration of a plasmid containing the H. polymorpha LEU2 gene [25] .
Nucleic acid isolation
Yeast DNA was isolated as described [26] ; the cells were harvested in the early exponential phase of growth (2 mg wet weight\ml). Total yeast RNA was isolated as in [27] and fractionated by electrophoresis on formaldehyde agarose gel. Poly(A) + RNA was prepared as described [28] . DNA lambda phage and plasmids were isolated as described [29] . λJA13 containing the gene cluster was isolated from a H. polymorpha genomic library by PCR with degenerate oligonucleotide primers as described previously [2] .
Southern and Northern blot analyses
Southern and Northern blot analyses were performed as described [29, 30] . Nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany) and positively charged nylon membranes (Boehringer Mannheim, Germany) were used in Southern and Northern blot analyses respectively. The probes were labelled with the digoxigenin system from Boehringer Mannheim. The detection method used in Southern blot analysis was the enhanced chemiluminescence system (Amersham, Madrid, Spain). In Northern blot analysis the detection was performed with the CDP-Star system (Boehringer Mannheim, Germany). The 743 bp NcoI-BglII, 931 bp SacI-HindIII, 533 bp NdeI-BamHI and 454 bp XbaI DNA fragments from YNT1, YNI1, YNA1 and YNR1 respectively were used as probes in Northern analysis.
DNA sequencing
Bluescript phagemid plasmids from Stratagene (Heidelberg, Germany) were used. Exonuclease III unidirectional deletions and single-strand DNA were prepared by following the manufacturer's instructions (Promega Corp., Madison, WI, U.S.A.). DNA was sequenced by the dideoxy chain termination method [31] with Sequenase (U.S.B, Cleveland, OH, U.S.A.). The sequence was performed on both strands. Multiple protein sequence alignments were performed with the CLUSTAL V program [32] .
Transcription start site
The transcription start site was determined by primer extension in accordance with the procedure described in [33] , with the following exceptions. The olinucleotides were labelled with [γ-$#P]ATP by following the procedure described in [29] . Poly(A) + mRNA (2 µg) was used, and hybridization of oligonucleotides and RNA was conducted by incubation for 90 min at 65 mC followed by 6 h at 60 mC. The following oligonucleotides were used (the numbers in parentheses are their positions in the coding region) : YNT1 (j67,j91), 5h-AGA CGT TCC ATA GGT TAA AAA TTG G-3h ; YNI 1 (j61,j85), 5h-ACC ATG CCA AGG CCC ACA ATC ACA A-3h ; YNA1 (j56,j90), 5h-CAT GAG GGA ACT TTG CCA TCG CAG T-3h, YNR1 (j49,j83), 5h-AAA GGT AGC TCC GTG ATA TCT A-3h.
Other methods
Crude extracts and determination of nitrate reductase activity were performed as described [34] .
RESULTS
Clustering of the genes involved in nitrate assimilation in the yeast H. polymorpha
DNA sequencing in the λJA13 phage, isolated from a lambda EMBL3 H. polymorpha genomic DNA library by using a nitrate reductase homologous probe synthesized by PCR [2] , revealed YNA1 gene involved in regulation of nitrate assimilation genes The genes of the cluster are transcribed independently ; the transcriptional start site for each gene was mapped by primer extension ( Figure 2B ). Heterogeneity in the length of the 5h region of the transcripts was observed, indicating several transcriptional start sites, a feature already described for Saccharomyces cere isiae [35, 36] . The YNT1 TATA box lies at k58 and the main initiation site is located at k21. YNI1 presents four transcription start sites with one nucleotide difference in a region rich in T and A. For YNA1 the strongest signal of the primer extension reaction was at k10 and k9 ; for YNR1 three initiation sites were observed at k28, k21 and k20 situated in a CT-rich stretch with the main initiation site in the CAAG sequence.
YNA1 encodes a putative Zn(II) 2 Cys 6 binuclear cluster
The YNA1 coding region contains 1587 bp encoding a protein of 529 residues. Search for proteins similar to Yna1p through the gapped BLAST program [37] showed that the YNA1 product possesses highest similarity with the well-known transcriptional factors characterized by the consensus sequence Cys-Xaa # -CysXaa ' -Cys-Xaa ' -Cys-Xaa ' -Cys-Xaa # -Cys in the N-terminal region, such as those encoded by nirA [11] , CHA4 [38] , QA1F [39] , CAT8 [40] and nit-4 [12] . Alignment of Yna1p, NIT4 and NIRA with the Clustal V program [32] (Figure 3 ) reveals the highest similarity at the N-terminus around the six-cysteine cluster region. In the Yna1 protein seven residues are found between the second and third Cys. The six-cysteine region is followed by a basic region Lys-Arg-Arg-Arg-Lys-Xaa-His-(Xaa) ) -Lys-LysXaa-Arg, which is present in the proteins of this family. After this sequence there is a region of approx. two-thirds of the protein that has low similarity with NIT4 and NIRA. The third part of the protein matches well with the two filamentous fungi proteins. The proline-and glutamine-rich regions present in NIRA and NIT4 respectively are not found in the YNA1 product.
Expression of YNA1
When YNA1 expression in cells incubated in different nitrogen sources was examined by Northern blot analysis with poly(A) + RNA, a transcript of 1.7 kb, which is in good agreement with the YNA1 gene length, was observed in all the conditions studied. However, the level of the YNA1 transcript was much lower in the cells incubated in ammonium, even in the presence of nitrate, than in those cells incubated in nitrogen-free or nitrate-containing media (Figure 4) . A second transcript of approx. 500 bp, regulated in the same way as the 1.7 kb message, was observed in the Northern blot but its nature remains unknown.
YNA1 is expressed at a very low level in comparison with the structural genes for nitrate assimilation. In Northern blot analysis the YNA1 transcript was undetected in total RNA samples and a very low, almost undetectable β-galactosidase activity was observed in cells containing the YNA1 gene promoter fused to the lacZ gene (results not shown).
The YNA1 gene promoter was replaced by the ADH1 gene promoter from S. cere isiae to test the possibility that high constitutive levels of Yna1p would lead to a modification in the expression pattern of the nitrate assimilation structural genes. However, in the ∆yna1 : :URA3 strain transformed with the ADH1 p -YNA1 construct, YNR1 expression, as well the nitrate reductase activity, remained as in the wild type (results not shown).
YNA1 gene product activates the transcription of YNT1, YNI1 and YNR1
The similarity of the YNA1 gene product to those proteins encoded by nirA and nit-4 [11, 12] that are involved in the nitrate induction of the nitrate assimilation genes suggested a role for the YNA1 gene in nitrate regulation. To test a possible role for YNA1 in nitrate induction, a strain bearing the null allele ∆yna1 : :URA3 was constructed (Figure 1 ). Growth tests of the ∆yna1 : :URA3 strain showed its inability to grow in nitrate and nitrite, whereas it was capable of growth in ammonium, glutamic acid, proline or hypoxanthine (results not shown). It was observed that the mutant did not induce nitrate reductase even after incubation for several hours in nitrate. This indicates that the incapacity of the ∆yna1 : :URA3 strain to grow in nitrate is due at least in part to the absence of nitrate reductase. A conclusive explanation for the lack of growth of the disrupted strain as well as for the function of the YNA1 gene was obtained by analysis of YNT1, YNI1 and YNR1 gene expression in the wild-type and disrupted strains. Both strains were grown in ammonium and transferred to ammonium-containing, ammonium plus nitrate-containing, nitrite-containing and nitrogenfree medium for 2 h. Total RNA analysed by Northern blotting showed that, whereas in the wild-type strain the transcripts of YNT1, YNI1 and YNR1 increased after the cells were transferred from ammonium to nitrate, in the ∆yna1 : :URA3 strain no such increase was observed ( Figure 5) . Similarly in the disrupted strain no expression was observed in the nitrogen sources studied.
Because H. polymorpha possesses a high rate of non-homologous recombination, it could be argued that insertion or replacement of the ∆yna1 : :URA3 construct in another location in the genome in addition to that detected by Southern blotting in the YNA1 locus would lead to a false interpretation of the results. This hypothesis was discarded because the ∆yna1 : :URA3 mutant that had been transformed with a replicative plasmid containing the YNA1 gene recovered the wild-type phenotype (results not shown). YNA1 gene involved in regulation of nitrate assimilation genes Figure 5 Disruption of the YNA1 gene (A) To disrupt the YNA1 chromosomal copy, the EcoRV-NdeI fragment was replaced by the H. polymorpha URA3 gene in the plasmid pNia2. The resulting plasmid, pYNA1-UR2, was digested with SalI and BamHI, liberating a fragment ∆yna1 : :URA3 of approx. 3.9 kb that was used to transform a H. polymorpha ura3,leu1 strain. (B) Southern blot of genomic DNA from the wild-type (WT) and ∆yna1 : :URA3 strains, probed with the PstI-EcoRV DNA fragment. The wild type yielded bands of 1.6 and 3.3 kb with HindIII and EcoRI respectively, whereas the ∆yna1 : :URA3 strain yielded 2.6 and 2.5 kb bands when the genomic DNA was digested with the same enzymes.
DISCUSSION
In this paper the characterization of a new gene involved in nitrate assimilation in H. polymorpha is reported. As far as is known the YNA1 gene is the first transcriptional factor reported in H. polymorpha. Analysis of the structure and function of Yna1p indicates that this protein belongs to the C ' zinc cluster family of the fungal regulatory proteins. Yna1p contains the sixcysteine cluster domain at the N-terminal region of the protein.
Moreover, analysis of Yna1p by Lupas's method [41] predicts the presence of a coiled-coil structure formed by residues 93-114, which could be involved in the dimerization of the Yna1 protein.
An acidic region located in the C-terminal part of the protein involved in the activation of these transcriptional factors [42] cannot be clearly delimited in Yna1p. With regard to the function of YNA1 gene, its deletion to generate the strain ∆yna1 : :ura3 clearly shows its involvement in the transcriptional activation of the genes encoding the enzymes involved in nitrate assimilation, because none of them was induced by nitrate or nitrite in this strain. The idea that YNA1 might be involved in the transcriptional regulation of other pathways related to the assimilation of nitrogen was explored. However, the ∆yna1 : :URA3 strain was able to grow in all the nitrogen sources checked such as ammonium, glutamic acid, proline and hypoxanthine at the same rate as the wild type, indicating that YNA1 is specific for the nitrate assimilation pathway, as are the nit-4 and nirA genes in filamentous fungi.
YNA1 was expressed in all the nitrogen sources studied, with a decrease in the presence of ammonium, contrasting with reports for nirA and nit-4, for which similar expression is shown in all conditions studied [12, 43] . The Northern blot analysis revealed the presence of a transcript of approx. 1.7 kb, in agreement with the size of the gene, that was not present in the ∆yna1 : :URA3 strain (results not shown).
The nitrate assimilation gene cluster region contains the three structural genes involved in nitrate assimilation and a regulatory gene. The cluster contains 9205 bp, of which a 8820-bp length corresponds to the four ORFs, indicating that in this region approx. 95.8 % is coding. As a reference, in S. cere isiae ORFs occupy on average 72 % of the genome [44] . The clustering of the nitrate and nitrite reductase genes involved in nitrate assimilation has been reported in all fungi explored with the exception of N. crassa [45, 46] . However, one exclusive feature of the H. polymorpha gene cluster is the presence of the YNA1 gene involved in the regulation of the other genes of the cluster. Another peculiarity of the H. polymorpha cluster is the fact that nitrite and nitrate reductase genes are convergently transcribed, unlike the divergent transcription of these genes in filamentous fungi. In the cluster all the genes are transcribed independently and in the same direction. The transcription initiation site of YNR1 possesses a feature of highly expressed genes from S. cere isiae, a CT-rich region followed by initiation at the CAAG sequence [47] .
With regard to the regulation of the gene cluster, several facts indicate a hypothetical mechanism. The structural YNR1 and YNI1 gene promoters contain the sequences CGGCTCTGAA-AATTTCCG and CGGGACTCATAGTGTCCG, where the CGGX n CCG palindromic sequences are separated by 12 nucleotides. These sequences could be the target site for the YNA1 product. The DNA consensus binding-site sequences described for NIT4 and NIRA [14, 15] are not the nitrate assimilation H. polymorpha gene promoters. Furthermore, analysis of the promoter of the genes in the cluster with the MATIND and MATINSPECTOR programs [48] reveals that several GATA core sequences, targets of the single zinc-finger proteins such as NIT2 and AREA, involved in nitrogen catabolism derepression, are present in the four genes. Therefore a nit-2 and areA counterpart in H. polymorpha could be involved in controlling the regulation of the nitrate assimilation genes in yeast. Nitrate assimilation is rare in yeasts and has been found only in some genera, namely Hansenula, Pachysolen, Rodhorula and Candida. Either most yeasts have lost the capacity to use nitrate or they never possessed it. The clustering of the genes involved in nitrate assimilation in H. polymorpha and H. anomala (P. Garcia and J. M. Siverio, unpublished work) could be related to the few yeasts able to utilize nitrate. It has been proposed for bacteria that the acquisition of a new metabolic capacity by horizontal transfer of genes is easier if the genes are clustered [49] .
The characterization of YNA1 along with YNT1, YNI1 and YNR1, together with the construction of the corresponding strains bearing the null alleles, consolidates H. polymorpha as a model for the study of the nitrate assimilation pathway in yeast ; it will aid in the characterization of plant genes involved in this pathway.
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